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Summary:  This paper presents the analysis and optimisation of an on-chip electromechanical power source 
specially adapted for self-powered sensors subjected to slow and irregular motion with amplitudes way in 
excess of device dimensions. Design architectures compatible with MEMS technology and initial experimental 
results of this parametric generator are presented. The main goals have been to maximise the energy generated 
in one motion cycle, and to minimise the acceleration necessary to initiate power generation. The analysis 
considers sinusoidal sensor motion for a range of energy extraction strategies resulting in interrupted motion of 
the moving plate. We conclude that carefully timed energy extraction and new suspension systems are necessary 
for slow-moving self-powered sensors. 
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1 Introduction 
Micro-generators have been reported [1-3] to generate 
enough power to supply a microelectronic circuit. 
They do, however, rely on rapid and regular vibration 
of several kHz. This motion stimulates a sprung mass 
into resonance, allowing its kinetic energy to be 
extracted. The extraction can be achieved using 
resonant electrostatic, electromagnetic or piezo-
electric phenomena. Due to the restricted internal 
displacement of the mass, efficient generation only 
takes place below a certain amplitude of device 
motion.  
Unfortunately, rapid and regular vibration restricted to 
minute amplitudes are clearly not available in many 
applications, and we are therefore developing new 
generator topologies in order to extract power from 
slow sweeping irregular motion more compatible with 
our human environment. A major challenge is to 
extract the maximum energy over a range of motion 
frequencies and amplitudes. In the case of our 
electrostatic generator, this requires adapting the 
timings of charging and energy extraction as well as 
the charge level, to the prevailing motion. Results 
from a detailed analysis of the adaptive (or 
parametric) energy extraction method and first 
measurements with the new geometry of the 
parametric generator are presented here. 
2 Generator operation and topology 
Energy conversion from irregular motion with 
amplitudes significantly greater than the dimensions 
of the generator requires special attention to the 
topology. Fig. 1 shows a cross-section of a suitable 
MEMS generator. The large mass of the moving plate 
is suspended in a silicon frame and charged via an 
auxiliary circuit. As the device is accelerated 
downwards, the plate travels upwards relative to the 
device and reduces the plate’s capacitance to ground. 
The work against the attractive force between the 
capacitor plates results in the voltage on the plates 
rising and the gained energy can be extracted via a 
high-voltage low-current power electronic circuit. 
 
Fig. 1: Integrated micro-generator (cross-section). 
Only a fraction of large amplitude device motion can 
be utilised due to the moving plate being constrained 
by typical MEMS dimensions. Therefore, in order to 
maximise the generated energy, the proof mass is 
controlled so as to move relative to the frame only at 
the peak of the acceleration. 
The analysis was performed using a parametric 
generator model consisting of a mass within a frame 
attached to the moving source, with power extracted 
by a damper whose force is constant. The motion of 
the mass relative to the frame would normally be 
enhanced by resonance, but due to large irregular 
input motion we cannot take advantage this 
phenomenon. Fig. 2 summarises the results for three 
categories of generators. Normalised power 
generation is plotted from large amplitude motion 
(Zl/Y0≈0) to low amplitude (vibration) (Zl/Y0>1), 
where Zl and Yo are the maximum internal 
displacement and the source motion amplitude 
respectively, for frequencies close to the resonant 
device frequency (ωc=1). The parametric case excels 
for low frequency motion and large amplitudes. 
 
Fig. 2: Normalised power output for two resonant generator 
types and for the parametric electrostatic generator. 
 
Fig. 3: Superior energy/cycle generation by parametric 
generator at low frequency and large motion amplitude 
(mass travel 0.5mm, moving mass 0.1g). 
 
Fig. 4: Simulated flight path of the moving mass relative to 
the sinusoidal motion of the device. The initial charge on 
the plates is set to allow the mass only to break away once a 
certain acceleration is attained. 
3 Experimental results 
Fig. 5 shows a prototype generator with the wet-
etched silicon frame and moving mass clamped 
between upper and lower acrylic plates. Spacers and 
contact electrodes are electroplated onto a quartz 
substrate. A highly flexible polyimide membrane 
forms the suspension.  
 
Fig. 5: Prototype generator inside acrylic clamp. 
The measured waveforms in Fig. 6 show one half-
cycle of the device with motion (Trace 1, 1mm/div), 
breakaway point (Trace 2) and discharge as the 
moving plate reaches the upper electrodes (Trace 3, 
1kV/div).  
 
Fig. 6: Response of prototype generator on shaker table at 
3.5mm amplitude and 10Hz. Motion (1), breakaway (2) and 
discharge (3). 
4 Conclusions 
An electrostatic generator has been designed based on 
a new, non-resonant operating principle which is 
shown to provide superior power output for low 
frequency, high amplitude motion. A meso-scale 
prototype has been fabricated and tested which 
illustrates the non-resonant motion and voltage 
amplification. Output power per cycle greatly exceeds 
previous examples operating at higher frequencies. 
Further work is needed to reduce the device 
dimensions, and to implement an efficient output 
circuit to obtain low voltage continuous power from 
the high voltage output pulses. 
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